Body mass index (BMI) is a non-invasive measurement of obesity. It is commonly used for assessing adiposity and obesity-related risk prediction. Genetic differences between ethnic groups are important factors, which contribute to the variation in phenotypic effects. India inhabited by the first out-of-Africa human population and the contemporary Indian populations are admixture of two ancestral populations; ancestral north Indians (ANI) and ancestral south Indians (ASI). Although ANI are related to Europeans, ASI are not related to any group outside Indian-subcontinent. Hence, we expect novel genetic loci associated with BMI. In association analysis, we found eight genic SNPs in extreme of distribution (P ⩽ 3.75 × 10 − 5 ), of which WWOX has already been reported to be associated with obesity-related traits hence excluded from further study. Interestingly, we observed rs1526538, an intronic SNP of THSD7A; a novel gene significantly associated with obesity (P = 2.88 × 10 − 5 , 8.922 × 10 − 6 and 2.504 × 10 − 9 in discovery, replication and combined stages, respectively). THSD7A is neural N-glycoprotein, which promotes angiogenesis and it is well known that angiogenesis modulates obesity, adipose metabolism and insulin sensitivity, hence our result find a correlation. This information can be used for drug target, early diagnosis of obesity and treatment.
INTRODUCTION
Overweight and obesity are increasing at an alarming rate, worldwide, over the past decades. It is one of the major risk factors for chronic diseases, which has a central role in insulin resistance or metabolic syndromes, including hyper-insulinemia, hypertension, hyper-lipidemia, type 2 diabetes mellitus and atherosclerotic cardiovascular disease. 1, 2 Body mass index (BMI) is a non-invasive measure of obesity that predicts the risk of related complications. Identifying genetic determinants of BMI could lead to a better understanding of the biological basis of overweight and obesity. In recent years, genome-wide association studies (GWAS) and next generation sequencing analyses have exponentially increased the discovery of novel genetic loci. Several loci including FTO, MC4R, TMEM18, GNPDA2, BDNF, NEGR1, SH2B1, ETV5, MTCH2 and KCTD15 have been recently reported to be associated with BMI. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Even though BMI has 450% heritability, known loci explains only 2% variation in phenotype.
Ethnic difference is an important factor, which contributes variation in obesity-related traits in different populations. 13 With 4635 anthropologically defined groups, India is inhabited by the most genetically diverse populations. In our earlier study, we predicted that in prehistoric India, there were only two ancestral populations; ancestral north Indians (ANI) and ancestral south Indians (ASI). Intriguingly, ASI are not related to any group outside of Indian-subcontinent, contributing specific evolutionary history and genetic architecture. 14, 15 Considering these facts, we expect novel genetic locus/loci associated with BMI in Indian populations and investigated to identify these by GWAS.
MATERIALS AND METHODS
Sample details, genotyping and statistical analysis Blood samples of 208 healthy individuals, in age group 20-30 years with their details of BMI and informed written consent, were collected from diverse ethnic background and different geographical locations (Supplementary Figure S1 ). Complete details of each individual are given in Supplementary Table S1 . We have excluded the individuals, from this study, who are with smoking habit, chronic systemic diseases such as diabetes, hypertension and metabolic syndromes. Those who do not have the above conditions were considered as 'healthy subjects' and included in this study. For categorization of subjects, we used definition of underweight (o 18.5), normal (18.5-22.9) and overweight (⩾23; obese425), following WHO criteria. 16 Individuals were genotyped on Affymetrix SNP array (6.0) with recommended protocol and genotypes were fetched using Birdsuite. 17 Further, Birdsuite utility was used for conversion of files to Plink format. This study was approved by the Institutional ethical committee of CSIR-Centre for Cellular and Molecular Biology, Hyderabad, India.
To find stratification and to exclude outlier samples, principle component analysis (PCA) was performed using SmartPCA. 18 Individuals having σ 4 ± 6 on eigenvector 1-10 were excluded in 10 iterations from further analysis ( Supplementary Table S2 ). For quantitative trail association analysis, Wald test statistics was used from Plink. 19 Markers having 490% genotype and in Hardy-Weinberg equilibrium (HWE; P-value 40.001) were considered for the analysis. To find missing heritability of BMI, we performed restricted maximum likelihood analysis with genome-wide complex trait analysis tool. 20 Replication study In replication study, we genotyped four markers (rs9551868, rs7681875, rs1526538 and rs2281524) in 655 samples by Sanger sequencing method ( Supplementary Table S3 ; few samples were removed owing bad quality of sequence; details are given in Supplementary Table S4 ). To genotype these four markers, we utilized reference sequence from Ensembl database (http://asia. ensembl.org/index.html). The sequence-specific primers were designed with Primer 3.0 tool (http://primer3.ut.ee) and subsequently their specificity was tested against human genome reference sequence with NCBI Primer-BLAST (http://www.ncbi.nlm. nih.gov/tools/primer-blast/). Details of primer sequences and their respective thermocycling conditions are given in Supplementary  Table S5 . PCR was done in 10 μl volume, which contains 5 μl of 2 × EmeraldAmp GT PCR master mix, 10 ng of genomic DNA and 0.1 pm (final concentration) of each primer. Amplicons were cleaned with Exo SAP-IT (USB, Affymetrix, Santa Clara, CA, USA) with recommended protocol and 1.0 μl of purified product used as template for sequencing, using BigDye terminator (v3.1) cycle sequencing kit (Applied Biosystems, Foster City, CA, USA), and analyzed on ABI 3730xl DNA Analyzer (Applied Biosystems). Sequence data were further analyzed using sequence analysis (v3.4) and AutoAssembler (v1.0) for editing and assembling of sequence data, respectively. Statistical analysis was performed in R and power calculation performed with Quanto-1.2.4. 21 
RESULTS
Discovery stage: cohort-I Population stratification. A total of 208 males in age group of 20-30 years were selected for quantitative trait association analysis. As systematic ancestral differences among individuals could cause spurious association, it is logical to exclude those, who are in extreme genetic difference. To achieve this, we pruned 440 987 SNPs, which are in linkage disequilibrium (r 2 40.75) and performed PCA with remaining 386 722 SNPs. We found four individuals as outlier with σ-value − 10.017, − 6.123, 6.628, 6.527 on eigenvector 0, 7, 3, 3 in iteration 1, 1, 2, 3, respectively, and hence removed for further analysis. Remaining 204 individuals consist of 97 normal weight (BMI = 20.83 ± 1.19), 38 underweight (BMI = 17.31 ± 1.06), 38 overweight (23.79 ± 0.52) and 31 obese (26.80 ± 1.39). Even, with consideration of groups on the basis of BMI in 204 individuals, we did not find any significant differences (Figure 1 ). On eigenvector 1; analysis of variance P-value for overweight vs obese, overweight vs normal, overweight vs underweight, obese vs normal, obese vs underweight and normal vs underweight was 0.902, 0.523, 0.924, 0.430, 0.832 and 0.626, whereas on eigenvector 2, P-value was 0.874, 0.121, 0.395, 0.277, 0.566 and 0.855, respectively.
Association analysis. To find locus/loci that is/are associated with the phenotype, we performed quantitative trait association analysis. At first, out of 827 709 SNPs, 35 042 were excluded as they were not in Hardy-Weinberg equilibrium (P-value o0.001). Total eight SNPs, having genotype frequency o 0.9 were also excluded and analysis was performed with remaining 792 659 SNPs. On QQ-plot, we did not find any stratification (Supplementary Figure S2 ). We selected 23 SNPs with extreme Wald test asymptotic P-value (⩽3.75 × 10 − 5 ) and used only genic SNPs (markers lies within gene) for further analysis. We observed 8 out of 23 were genic ( Supplementary Table S4 ) and present within intron of five genes; includes rs11645605 (WWOX; P = 2.11 × 10 − 5 ), rs9551868 and rs2231998 (KATNAL1; P = 2.21 × 10 − 5 and 3.42 × 10 − 5 , respectively), rs2281524 and rs2815429 (MTF2; P = 2.28 × 10 − 5 and 2.94 × 10 − 5 ); rs1526538 (THSD7A; P = 2.88 × 10 − 5 ); and rs7681875 and rs7682470 (LIMCH1; P = 3.32 × 10 − 5 and 3.75 × 10 − 5 , respectively) ( Supplementary  Table S4 , Supplementary Table S6 , Figure 2 and Supplementary Figure S3 ). Out of five, WWOX was already reported to be associated with obesity and obesity-related traits. 22 Hence, we excluded rs11645605 for further study. Out of two, we selected single marker with lowest P-value in KATNAL1, MTF2 and LIMCH1 for replication study.
Missing heritability explained by 792659 SNPs. Despite high heritability of BMI (40.5), associated variants explain only o0.02 variation in the phenotype. Several common variants, having small effect on the phenotype, cannot be detected through contemporary GWAS analysis and might be the reason for this missing heritability. We believe that it would be interesting to explore it with restricted maximum likelihood analysis implemented in genome-wide complex trait analysis.
Initially, to exclude cryptic relation, we calculated genetic relationship matrix (GRM) for 208 individuals and excluded 8 individuals with GRM cutoff 0.025. Further, we performed PCA and extracted 10 eigenvectors. Using GRM and 10 eigenvectors, we observed 0.16 ± 1.76 BMI variation is explained by 792 659 markers, which reflect that besides strongly associated SNPs, data consist of several loci, which has small but collective effect on this polygenic trait.
Replication stage: cohort-II and combined analysis For the replication analysis, 654 males, which include 140 underweight (17.38 ± 0.99), 321 normal weight (20.76 ± 1.29), 106 overweight (23.86 ± 0.49) and 87 obese (26.95 ± 2.09) were resequenced by Sanger sequencing method (Supplementary Figure S4 ). We found none of the SNP was deviating from HWE (rs2281524: P = 0.887, rs1526538: P = 0.1376 and rs7681875: P = 1), except one (rs9551868: P = 4.058 × 10 − 5 ) and had Wald test asymptotic P-value 0.2428, 0.1281, 8.922 × 10 − 6 and 0.01021 for rs9551868, rs2281524, rs1526538 and rs7681875, respectively. Only rs1526538 (THSD7A) was in strong association, whereas rs7681875 was marginally associated. Further, we combined data of both the cohorts for rs1526538 and observed the P-value of 2.504 × 10 − 9 . We also observed that the rs1526538 explain 0.08 495% BMI variation in cohort-I, whereas 0.04 176% variation in cohort-II and 0.05 192% variation in cohort-I+cohort-II.
DISCUSSION
In the current study, we explored a locus associated with BMI in Indian population. Our results suggest that one SNP rs1526538 (THSD7A) is associated with a risk of obesity. Our sample size of 669 has 99.99 and 90.85% power to detect effect of BMI at α of 0.05 and 3.779 338 × 10 − 6 (Boenferroni-corrected P-value for 792 659 SNPs), respectively, (β = − 1.0140) in additive model. Although we failed to observe previously reported loci, FTO and MC4R, but we found WWOX in extreme of P-value distribution, previously known to be associated with obesity-related traits. rs12970134 (MC4R), rs9939609 (FTO), previously found in association (P = 5 × 10 − 4 , 1 × 10 − 2 , respectively) with BMI in Asian Sikhs and south Indians, respectively, has P-value 0.4763 and 0.4312 in our samples. 23, 24 Intriguingly, we observed rs9935403 of FTO has 5.856 × 10 -3 P-value in cohort-I. We have calculated the statistical power of previously reported variants that are associated with BMI, in our study. Interestingly, the power of previously reported variants, are o0.063 ( Supplementary Table S7 ); hence, none of the previously reported variants are associated with BMI in the present study.
We explored the locus THSD7A with ± 10 kb flanking region in GIANT database (https://www.broadinstitute.org/collaboration/ giant/images/b/b7/GIANT_BMI_Speliotes2010_publicrelease_Hap MapCeuFreq.txt.gz) and observed 747 SNPs within the region. None of the SNPs was significantly associated (P = value 40.0219) (Supplementary Figure S5 ). We have also explored the GWAS central database (http://www.gwascentral.org/) and considered ± 10 kb flanking region of THSD7A. In total, we found seven studies with 31 markers showing P-value of -log 10 P-value43. Of which, one study was related to body height in British populations (HGVRS572 and HGVRS573). We explored further in depth and found rs2355068 have -log 10 P-value = 3.15, which is insignificant at genome-wide level. Since, none of the studies, so far, reported association of THSD7A with BMI, it appears that THSD7A is a susceptibility gene for obesity that is unique to Indian/South Asian populations.
The THSD7A is a neural N-glycoprotein, which promotes angiogenesis through endothelial cell migration and tube formation. [25] [26] [27] Moreover, angiogenesis is reported to modulate obesity, adipose metabolism and insulin sensitivity. 28 Hence, we speculate that the role of THSD7A in higher BMI or obesity may be influenced through its role in angiogenesis.
